A three-dimensional chemical transport model (Particulate Matter Comprehensive Air Quality Model with Extensions [PMCAMx]) is used to investigate changes in fine particle (PM 2.5 ) concentrations in response to 50% emissions changes of oxides of nitrogen (NO x ) and anthropogenic volatile organic compounds (VOCs) during July 2001 and January 2002 in the eastern United States. The reduction of NO x emissions by 50% during the summer results in lower average oxidant levels and lowers PM 2.5 (8% on average), mainly because of reductions of sulfate (9 -11%), nitrate (45-58%), and ammonium (7-11%). The organic particulate matter (PM) slightly decreases in rural areas, whereas it increases in cities by a few percent when NO x is reduced. Reduction of NO x during winter causes an increase of the oxidant levels and a rather complicated response of the PM components, leading to small net changes. Sulfate increases (8 -17%), nitrate decreases (18 -42%), organic PM slightly increases, and ammonium either increases or decreases a little. The reduction of VOC emissions during the summer causes on average a small increase of the oxidant levels and a marginal increase in PM 2.5 . This small net change is due to increases in the inorganic components and decreases of the organic ones. Reduction of VOC emissions during winter results in a decrease of the oxidant levels and a 5-10% reduction of PM 2.5 because of reductions in nitrate (4 -19%), ammonium (4 -10%), organic PM (12-14%), and small reductions in sulfate. Although sulfur dioxide (SO 2 ) reduction is the single most effective approach for sulfate control, the coupled decrease of SO 2 and NO x emissions in both seasons is more effective in reducing total PM 2.5 mass than the SO 2 reduction alone.
INTRODUCTION
High concentrations of atmospheric aerosols pose health hazards and impact the environment in a variety of ways (visibility reduction, changes of the energy balance of the planet, acid rain and fogs, etc.). Emissions of oxides of nitrogen (NO x ) and volatile organic compounds (VOCs) lead to a complex series of chemical and physical pollutant transformations that result in the formation of ozone in urban and remote areas, 1 acid deposition, 2 and the formation of secondary particulate matter (PM) through gas/particle partitioning of the atmospheric reaction products of sulfur dioxide (SO 2 ), VOCs, and NO x .
Several studies have investigated the chemical interplay among NO x , VOCs, and ozone. 3, 4 The response of ozone concentrations to changes of NO x and VOC emissions is generally analyzed through sensitivity studies with the aid of box, trajectory, and three-dimensional chemical transport models (CTMs). [5] [6] [7] [8] Several studies have analyzed the effect of NO x and VOC emissions controls on specific aerosol components. A mathematical model for the formation of atmospheric nitric acid (HNO 3 ) and aerosol nitrate was developed and used to study the effectiveness of NO x , VOC, and ammonia (NH 3 ) emission controls by Russell et al. 9, 10 in southern California. With the help of a box model, Pun and Seigneur 11 investigated the sensitivity of PM nitrate formation to precursor emissions (NO x , VOC) in the California San Joaquin Valley. Stein and Lamb 12, 13 investigated changes in sulfate formation arising from changes of NO x and VOC emissions and the sensitivity of sulfur wet deposition to atmospheric oxidants. Meng et al. 14 applied a three-dimensional, size and chemically resolved CTM to examine how the chemical coupling between ozone and PM influences joint control efforts of the two pollutants over the South Coast Air Basin of California during a summer smog episode in 1987. To understand the role of IMPLICATIONS The effect of NO x and VOC controls on PM 2.5 concentrations in the eastern United States is examined using a state-of-the-art three-dimensional chemical transport model. NO x controls are predicted to reduce PM 2.5 during the summer but to result in relatively small changes in most areas during the winter. On the other hand, VOC reductions are helpful in the winter but not during the summer in the effort to reduce PM 2.5 levels in this area. NO x and VOCs in aerosol formation, Nguyen and Dabdub 15 presented isopleth diagrams to estimate the sensitivity of aerosol concentration to NO x and VOC emission levels by using the California Institute of Technology (CIT) Airshed Model. The University of California-Davis (UCD)/CIT CTM was used to examine the effect of NO x , VOC, and NH 3 emissions control programs on the formation of particulate ammonium nitrate in San Joaquin Valley during a winter episode. 16 Blanchard et al. 17 used thermodynamic equilibrium models to estimate the response of fine particle mass concentrations to changes in sulfate, HNO 3 , and NH 3 in the southeastern and midwestern United States and central California. Few studies have used three-dimensional CTMs to evaluate control strategies over the eastern United States. 18, 19 All of the above studies have indicated that the connection between NO x and VOCs with the oxidant levels is quite complex. Nevertheless, the response of fine PM (PM 2.5 ) components to changes in NO x and VOC emissions is not well understood, especially for areas outside California. The recent development and evaluation of CTMs in the eastern United States provides an opportunity to examine the NO x -VOC-PM 2.5 links in a different environment.
In the eastern United States more than 100 million people in 196 counties live in nonattainment areas, 20 defined as areas with annual average PM 2.5 (averaged over a 3-yr period), exceeding 15 g ⅐ m Ϫ3 . In most of these areas a 1-to 2-g ⅐ m Ϫ3 reduction of the annual average PM 2.5 would be enough to change their attainment status. The U.S. Environmental Protection Agency's emission control programs, including the Clean Air Interstate Rule (CAIR) 21 and the NO x State Implementation Plan (SIP) Call 22 are used in the eastern United States to achieve this goal by reducing SO 2 and NO x emissions.
The objective of this study is to estimate the response of PM 2.5 and its components to changes in anthropogenic VOC and NO x emissions in the eastern United States during July 2001 and January 2002. A three-dimensional CTM is well suited for this purpose because it links emissions to PM 2.5 concentrations directly through detailed descriptions of the physics and chemistry of the atmosphere. These months are representative of the summer and winter behavior of the system and are suitable for the investigation of the seasonal dependence of the PM 2.5 system in this area to emission changes. The response of PM 2.5 to emission controls during the spring and autumn is usually somewhere between the summer and the winter. The responses of PM 2.5 to changes in SO 2 and NH 3 emissions have be examined in detail in previous work. 19 The remainder of this paper is organized as follows. First, there is a brief description of the Particulate Matter Comprehensive Air Quality Model with Extensions (PM-CAMx) and the details of its application in this domain. In the next section, the spatial and temporal characteristics of the effectiveness of the different emission control strategies (50% reductions of anthropogenic VOCs and NO x ) for sulfate, ammonium nitrate, secondary organic aerosols (SOA), and total PM 2.5 mass are discussed. The effects of a coupled 50% reduction of SO 2 and NO x are also analyzed in the following section to link this work with that of Tsimpidi et al. 19 Finally, the strengths and limitations of each control strategy for the different seasons are discussed.
THE PMCAMx CTM
Model Description The PMCAMx model 23 is the modeling tool used in this study. This model uses the framework of the Comprehensive Air Quality Model with Extensions (CAMx) version 4.02 24 to simulate horizontal and vertical advection, horizontal and vertical dispersion, wet and dry deposition, and gas-phase chemistry, which is described by the Carbon-Bond IV mechanism 25 in this application. For the gas chemistry calculations, 47 gas-phase species are used, whereas for the aerosol processes 13 aerosol species are simulated. Three detailed aerosol modules are used: inorganic aerosol growth, 26, 27 aqueous-phase chemistry, 28 and SOA formation and growth. 26 The aerosol and cloud drop size distribution are described by 10 size sections, ranging from 40 nm to 40 m. The simulation order of the processes is: emissions, horizontal advection, vertical advection, vertical diffusion, horizontal diffusion, wet deposition, gas-phase chemistry, and finally the aerosol processes: nucleation, coagulation, condensation/evaporation, SOA formation, and aqueous-phase chemistry. Additional details about the model can be found in Gaydos et al. 23 
Modeling Domain and Inputs
The modeling domain was the eastern half of the United States (Figure 1) , and a 36-by 36-km resolution grid was used with 14 vertical layers for July and 16 vertical layers for January, extending from the surface to an altitude of approximately 6 km. Inputs to the model included meteorological conditions, emissions, initial and boundary conditions for gas and aerosol concentrations, and urban and rural features such as land use data. The emissions inventory used was the Midwest Regional Planning Organization's Base E inventory, 29 including BIOME3 biogenics. 30 
Model Evaluation
Karydis et al. 31 32 The performance of PMCAMx for the major aerosol components and PM 2.5 during all seasons was encouraging. During July the model showed little bias for the concentration of most PM 2.5 species. The only exception was nitrate, which was underpredicted by the model. In January, nitrate was also underpredicted (fractional bias of Ϫ0.09), whereas the model slightly overpredicted the concentration of the rest of the PM 2.5 species by 0.03 g ⅐ m Ϫ3 (for ammonium) to 0.92 g ⅐ m Ϫ3 (for organic mass). The performance of the model varied from good to excellent depending on the species and season.
In July sulfate and ammonium levels were higher than in January. In particular, in the Midwest average sulfate concentrations were up to 11.4 g ⅐ m Ϫ3 , whereas ammonium concentrations were as high as 4.8 g ⅐ m Ϫ3 in Illinois, Indiana, and Ohio. Nitrate concentrations were generally low during the summer with the higher values in the Midwest (up to 1.7 g ⅐ m Ϫ3 ). The predicted organic mass peak value (7.5 g ⅐ m Ϫ3 ) was in the Midwest, whereas SOA peaked in the South (2.5 g ⅐ m Ϫ3 in Arkansas). Overall, sulfate is predicted to account for around 40% of total PM 2.5 mass, followed by organic mass (22%), ammonium (13%), and nitrate (3%).
In January 2002 the highest organic mass (up to 12.4 g ⅐ m Ϫ3 ) was over northeastern coastal areas (Baltimore to Maine), whereas the peak SOA concentrations were in the South (up to 1.2 g ⅐ m Ϫ3 in South Carolina). Ammonium and nitrate concentrations peaked in the Northeast with values up to 2.6 g ⅐ m Ϫ3 and 2.8 g ⅐ m Ϫ3 , respectively. Sulfate concentrations were high in the South as well as in the Northeast (up to 4.9 g ⅐ m Ϫ3 ). Overall PM 2.5 is predicted to consist of 25% organic mass, 19% sulfate, 12% nitrate, and 10% ammonium. The remaining 24% is elemental carbon, crustal material, and metal oxides.
PM 2.5 Sensitivity to Emissions
Two control strategies are examined separately, a 50% reduction of NO x and a 50% reduction of anthropogenic VOCs emissions. The emission reductions were applied to both ground and elevated sources. The first 2 days of each simulation have been excluded from the analysis to limit the influence of the initial conditions on the results. In NO x and VOC emission control simulations, the initial and boundary conditions of NO x and anthropogenic VOCs are also reduced by 50%. The results of these simulations are compared with the base-case results 31 to examine the effectiveness of these strategies in the reduction of oxidant levels (hydroxyl radical [OH], ozone [O 3 ]), sulfate, nitrate, ammonium, SOA, and total PM 2.5 mass . The same approach is used in the additional tests discussed (coupled NO x -SO 2 , etc.).
RESPONSE OF PM 2.5 TO PRECURSOR EMISSIONS CHANGES
Our discussion will focus on three different U.S. regions, the Midwest, Northeast, and South (Figure 1 ), to help identify how the PM 2.5 concentrations respond to the reduction of NO x and anthropogenic VOC emissions in different areas. These regions are located in the middle of the model domain and the effect of the boundary conditions on the model predictions is small. The average fractional concentration (FC) response to an emissions change is defined as:
where N is the total number of the ground-level computational cells within each region, i is the ground computational cell, B i is the base-case predicted value of the pollutant concentration in cell i, and C i is the predicted value of the pollutant in the i cell after the application of each control strategy. The FC is calculated separately for sulfate, nitrate, ammonium, SOA and total PM 2.5 mass. A positive FC corresponds to a reduction in concentrations, whereas a negative value corresponds to an increase.
Reduction of NO x Emissions
The average predicted changes in ground-level concentrations of the major PM 2.5 components after a 50% reduction of NO x emissions during July 2001 and January 2002 are shown in Figure 2 and are summarized in Table 1 .
Sulfate Response. Oxidation of SO 2 , which is the primary source of sulfate, occurs by both heterogeneous (cloud reactions with dissolved hydrogen peroxide [H 2 O 2 ] or O 3 ) 33 and homogeneous (SO 2 ϩ OH) paths. In both pathways, the OH radical is the key reactive species in the formation of sulfate in areas where there are high levels of SO 2 .
The OH radical is primarily removed by nitrogen dioxide (NO 2 ), forming HNO 3 , and by VOCs and carbon monoxide (CO), forming RO 2 and HO 2 , respectively (Figures 3 and 4). Therefore, there is a competition between VOCs and NO x for the OH. The OH reacts with VOCs and NO 2 at an equal rate when the VOC/NO x concentration ratio is approximately equal to 5.5:1 for a typical polluted continental VOC mixture. 34 At a high ratio of VOC to NO x (Ͼ5.5:1), OH will react mainly with VOCs. In such NO x -limited areas, the rate of O 3 formation decreases linearly as the concentration of NO x decreases, resulting in lower OH radical concentrations ( Figure 3 ). Consequently, a reduction of NO x emissions can lead to a decrease of sulfate concentration levels. At a low ratio of VOC to NO x concentration (Ͻ5.5:1), the OH ϩ NO 2 reaction dominates. In such NO x -saturated areas, a reduction of NO x emissions results in an increase of OH and O 3 concentrations ( Figure 4 ). As a result, sulfate concentration in such areas can increase when NO x emissions are reduced.
During summer, in most of the model domain, the VOC/NO x ratio exceeds the 5.5:1 limit (Figure 5a ). Therefore, a 50% reduction of NO x emissions results in an average sulfate reduction of 10% (Table 1) as the OH and O 3 concentrations decrease in most of the model domain ( Figure 6b ). The highest reduction, up to 1.6 g ⅐ m Ϫ3 (14%), is predicted in Illinois and Indiana, where sulfate has the highest concentration during summer (Figure 2a ). In the Northeast and South the average reduction is up to 1 g ⅐ m Ϫ3 (ϳ13%) in areas such as Pennsylvania and Tennessee. In some urban areas (Boston, St. Petersburg, Florida, etc.) the reduction of sulfate is marginal.
During January, when sulfate levels are lower than in the summer, the 50% NO x reduction results in sulfate increases in the Northeast and Midwest where the VOC/ NO x ratio is lower than 5.5:1 (Figure 5b ). The average sulfate increase is 12% (Table 1 ). This increment is up to 0.7 g ⅐ m Ϫ3 (17%) in Philadelphia (Figure 2e ). The highest increase of sulfate, approximately 0.5 g ⅐ m Ϫ3 (14%), is predicted in eastern Ohio. In the South sulfate also increases, with the highest increase predicted in North Carolina (0.6 g ⅐ m Ϫ3 , 15%). In areas where sulfate peaks during winter its increment is 0.5 g ⅐ m Ϫ3 or 14% in eastern Ohio (Midwest), 0.6 g ⅐ m Ϫ3 or 12% in New York (Northeast), and 0.4 g ⅐ m Ϫ3 or 8% in Savannah (South).
Nitrate Response. During summer, the simultaneous decrease of both reactants (OH, NO 2 ) reduces the HNO 3 formation during daytime. Likewise, during nighttime, the decrease of O 3 and NO x levels results in lower HNO 3 concentration levels. In both cases the HNO 3 reduction leads to a significant reduction of particulate nitrate in most of the model domain. The 50% reduction of NO x emissions results in an average 50% nitrate concentration reduction ( Table 1 ). The highest reduction, 1.2 g ⅐ m Ϫ3 (60%), is predicted in eastern Ohio where nitrate has the highest concentration. The highest nitrate reductions in the Northeast and South are also predicted in areas where nitrate peaks during the summer. In the South, nitrate decreases up to 0.7 g ⅐ m Ϫ3 (68%) in Georgia, whereas in the Northeast nitrate decreases up to 1 g ⅐ m Ϫ3 (61% in the Philadelphia area).
During winter the 50% NO x emissions reduction is a little less effective in reducing nitrate than during summer. In areas where the VOC:NO x ratio is low (lower than 5.5:1), oxidants levels (OH, O 3 ) increase after a NO x emission reduction leading to a small HNO 3 decrease and in extreme cases HNO 3 can even increase. In the Midwest and Northeast nitrate decreases by 21% on average ( Table 1 ). The nitrate concentration is reduced up to 0.6 g ⅐ m Ϫ3 (27%) in areas such as Missouri and North Carolina. In Connecticut, where nitrate concentration has the highest value (3 g ⅐ m Ϫ3 ), its reduction is only 0.4 g ⅐ m Ϫ3 or 12%. On the other hand, in the South, where NO x levels are low compared with VOC levels, the reduction of NO x is more effective, resulting in an average reduction of 42%. The highest reduction is predicted in Savannah, GA (up to 0.8 g ⅐ m Ϫ3 or 43%). In North Carolina, where nitrate has the highest value in the South, nitrate decreases by 0.7 g ⅐ m Ϫ3 (29%).
Ammonium Response. In July a 50% reduction of NO x emissions leads to a reduction of ammonium in most of the model domain. This reduction is the result of a simultaneous reduction of sulfate and nitrate levels. The average percent ammonium concentration reduction is 9% ( Table 1 ). The highest reduction, 0.8 g ⅐ m Ϫ3 (15%), is predicted in Indiana (Midwest), where the ammonium has the highest value during summer. In the Northeast and South, ammonium decreases by 0.5 g ⅐ m Ϫ3 (14%) in areas such as north Georgia and eastern Pennsylvania (Figure 2c ). In North Carolina, where ammonium is also high, its concentration is reduced by 0.4 g ⅐ m Ϫ3 (14%).
During January ammonium increases in the northeastern United States, because of the increase of sulfate that exceeds the decrease of nitrate in those areas. In the west of the model domain, where sulfate concentrations are low and aerosol nitrate decreases significantly, ammonium also decreases ( Figure 2g ). The highest reduction is predicted in Arkansas (up to 0.1 g ⅐ m Ϫ3 or 9%), whereas in the Philadelphia corridor ammonium increases by 0.14 g ⅐ m Ϫ3 (7%). In the high ammonium concentration areas such as New York, there is also a marginal increase of ammonium.
Organic Mass (OM) Response. The total OM consists of primary organic carbon, and SOAs (anthropogenic and biogenic). The anthropogenic condensable gases, which produce the corresponding SOA, are products of the oxidation of toluene, xylene, parafines, olefins, etc. The monoterpenes are the main precursors of the biogenic SOA in PMCAMx. The reduction of NO x emissions affects the oxidant levels and consequently affects both the anthropogenic and biogenic SOA formation. During summer the reduction of oxidant levels leads to lower SOA levels, resulting in a decrease of the overall OM by a few percent on average. The highest decrease is predicted in the South (0.3 g ⅐ m Ϫ3 or 7% in Arkansas) because the biogenic SOA levels are high in that area during summer. In the Midwest and Northeast the highest reductions (ϳ0.2 g ⅐ m Ϫ3 or 5%) are predicted in northern Michigan and Maine, respectively. On the other hand, in major urban areas such as Chicago and New York, where OM is high, the oxidant levels increase with the reduction of NO x (Figure 6b ), resulting in marginal increases of the OM. These small predicted changes are quite uncertain, given the existing uncertainties in the formation mechanisms of SOA.
During winter the decrease of NO x emissions results in an increase of oxidant levels. Thus, the oxidation of VOCs is accelerated, resulting in an increase of SOA and consequently in an average increase of 6% in the total OM ( Table 1 ). The highest increase is predicted in the Northeast coast where the increase of the oxidant levels is the highest (Figure 6e ). In the Midwest and South, the total OM increases by 0.35 g ⅐ m Ϫ3 (15%) in areas such as Michigan and North Carolina. The increase of OM concentration in Chicago and Atlanta, areas where OM is also high, is only a few percent. PM 2.5 Response. In July, the NO x emissions reduction results in a decrease of PM 2.5 mainly because of the significant sulfate decrease. The simultaneous decrease of the rest of the PM 2.5 species reduces the PM 2.5 levels even more. In the Midwest, the peak reduction of PM 2.5 is 3.4 g ⅐ m Ϫ3 (13%), whereas in the Northeast and South it is 2.1 g ⅐ m Ϫ3 (ϳ13%). This corresponds to an approximate 8% average reduction of PM 2.5 in the domain (Table 1 ). In areas where PM 2.5 has the highest values such as Chicago in the Midwest, New York in the Northeast, and Atlanta in the South, PM 2.5 decreases by 1.6 g ⅐ m Ϫ3 (4%), 0.7 g ⅐ m Ϫ3 (3%), and 1.8 g ⅐ m Ϫ3 (9%), respectively, are predicted ( Table 2) .
On the contrary, in January, sulfate and total OM increases with the reduction of NO x , whereas the relative reduction of nitrate is not as large as in July. Consequently, a 50% reduction of NO x emissions results in a small PM increase in areas where sulfate is high (mainly in the Northeast) and in decreases in the rest of the model domain. The highest reduction takes place in Arkansas (0.5 g ⅐ m Ϫ3 or 6%), whereas in Chicago, New York, and Pittsburgh PM 2.5 increases by a few percent ( Table 2 ). In Atlanta, the reduction of NO x has almost no effect on the total PM 2.5 concentration.
The above results indicate that the reduction of NO x emissions will have different effects in different regions. This is consistent with the findings of Blanchard et al. 17 who used aerosol thermodynamics models to investigate the response of PM 2.5 to changes in sulfate, HNO 3 , and NH 3 concentrations. However, the absolute responses of the PM discussed in that study did not include the NO xto-HNO 3 transformation and the effects that NO x has on atmospheric photochemistry. Our results suggest that it is important to consider both the changes in atmospheric chemistry caused by the reduction of NO x emission and the changes in the inorganic aerosol thermodynamics caused by the reduction of the availability of HNO 3 .
Reduction of Anthropogenic VOC Emissions
The predicted changes in ground-level concentrations of the major PM 2.5 components after a 50% reduction of anthropogenic VOC emissions during July 2001 and January 2002 are shown in Figure 7 and are summarized in Table 1 . When the emissions of VOCs are halved, the oxidant levels (O 3, OH) either increase (NO x -limited areas) or decrease (NO x -saturated areas). This variable response, as we have seen, is determined by the VOC/NO x ratio and is the key for understanding the PM 2.5 response after this reduction.
Sulfate Response. The reduction of anthropogenic VOC emissions has a different effect on its gas-and aqueousphase production pathways. The reduction of VOCs results in reductions of H 2 O 2 and therefore reduces the in-cloud formation of sulfate. The behavior of the gas-phase sulfate formation pathway is rather more complicated because it is affected by the competition between VOCs and NO x for the OH radical. When the NO x concentration levels are relatively high (NO x -saturated areas), the conversion of NO to NO 2 is VOC-limited and NO tends to react with O 3 to form NO 2 (Figure 4 ). After the reduction of VOC emissions, O 3 levels are reduced. This O 3 reduction results in lower OH concentrations slowing down the gas-phase formation of sulfate. On the other hand, for high VOC/ NO x ratios (NO x -limited areas), the decrease of VOC emissions results in an increase of OH radical (Figure 3 ), which reacts with SO 2 , forming additional particulate sulfate.
In July, the average oxidant levels increase with the reduction of VOC emissions (Figure 6c ), resulting in an increase of sulfate levels. The average predicted sulfate increase for the 50% VOC emission reduction is 8% (Table 1). The highest increases in the Midwest, Northeast, and South are 1.2 g ⅐ m Ϫ3 (Illinois), 0.6 g ⅐ m Ϫ3 (western New York), and 0.7 g ⅐ m Ϫ3 (Tennessee), respectively (ϳ11%). In Indiana, where sulfate has the highest value during summer, its increase is 0.8 g ⅐ m Ϫ3 , or 7%. In other high sulfate areas such as Pittsburgh (Northeast) and North Carolina (South), sulfate increases by approximately 0.5 g ⅐ m Ϫ3 , or 5%. In more polluted urban areas such as Boston, the increase is marginal.
The reduction of anthropogenic VOC emissions during January leads to a decrease in oxidant levels (Figure 6f ) and thus the sulfate concentration is reduced by 4% on average (Table 1 ). In the Midwest, Northeast, and South, the highest decrease is 0.15 g ⅐ m Ϫ3 or 4% (western Pennsylvania), 0.25 g ⅐ m Ϫ3 or 6% (New Jersey), and 0.28 g ⅐ m Ϫ3 or 7% (North Florida), respectively. In areas where sulfate is high during winter, such as southwest Pennsylvania (Midwest), New York (Northeast), and Savannah (South), its reduction is a few percent.
Nitrate Response. During summer, the average nitrate increase is 26% ( Table 1 ). The highest increase is in eastern Indiana (0.5 g ⅐ m Ϫ3 or 25%) where nitrate has the highest value. In Northeast and South, nitrate increases by 0.27 g ⅐ m Ϫ3 (27%) in areas such as Virginia and Georgia. However, in large urban areas such as New York, nitrate decreases by 0.26 g ⅐ m Ϫ3 (17%) as the oxidant levels are decreased.
The reduction of anthropogenic VOCs leads to a different response of nitrate during the winter when the domain is NO x -saturated. In most of the model domain, ammonium nitrate decreases except over the coast of Florida, where a slight increase (up to 0.2 g ⅐ m Ϫ3 or 28%) is predicted. In the northeastern United States, where the total nitrate has the highest value, the decrease of aerosol nitrate (up to 0.9 g ⅐ m Ϫ3 or 30% in Connecticut) is higher than the respective decrease in the middle and southern United States (up to 0.55 g ⅐ m Ϫ3 or 25%). In North Carolina (South) and western Ohio (Midwest), where nitrate is also high, its reduction is approximately 0.5 g ⅐ m Ϫ3 , or 25%.
Ammonium Response. In July 2001, the reduction of anthropogenic VOCs leads to an increase of PM 2.5 ammonium in most of the model domain because of the higher sulfate and nitrate concentrations. In the Midwest, Northeast, and South the increase of ammonium is up to 0.5 g ⅐ m Ϫ3 or 11% (eastern Indiana), 0.2 g ⅐ m Ϫ3 or 8% (Virginia), and 0.3 g ⅐ m Ϫ3 or 10% (Georgia), respectively. In southern Indiana where ammonium concentration has its peak value, its increase is 0.38 g ⅐ m Ϫ3 (7%). In North Carolina, where ammonium is also high during summer, its increase is 0.17 g ⅐ m Ϫ3 or 6%. The average increase is around 5% (Table 1 ). However, in polluted urban areas such as New York, ammonium decreases marginally.
In January 2002, sulfate and nitrate decrease, resulting in a simultaneous decrease of ammonium concentration. The reduction of ammonium is 7% on average (Table 1). In the Northeast, ammonium decreases up to 0.34 g ⅐ m Ϫ3 or 16% (Connecticut). In the Midwest and South this reduction is lower (Ͻ0.25 g ⅐ m Ϫ3 or 12% in areas such as Ohio and North Carolina; Figure 7g ). In high concentration areas of the Northeast such as New York, its reduction is around 0.3 g ⅐ m Ϫ3 or 11%. In the Midwest and South, the reduction in high ammonium concentration areas, such as Pittsburgh and Atlanta, is 0.2 g ⅐ m Ϫ3 (9%) and 0.1 g ⅐ m Ϫ3 (4%), respectively.
OM Response. The larger VOCs are precursors of SOA. Thus, the reduction of the anthropogenic VOC emissions is expected to reduce the overall OM. However, in NO xlimited areas the reduction of VOCs results in an increase of the OH radical concentration (Figures 5 and 6 ) and thus the VOC oxidation is accelerated. As a result of this negative feedback, the VOC emission reduction is less effective in reducing the OM. During July (NO x -limited areas) the 50% reduction of the anthropogenic VOC emissions results in a moderate decrease of the OM (5% in average). The reduction of OM is relatively high in cities such as Atlanta, New York, and Chicago with high OM levels. The highest decrease in the South, where SOA is high during the summer, is predicted in Atlanta (up to 0.27 g ⅐ m Ϫ3 or 5%). In urban areas where the oxidant levels are reduced, the oxidation of VOCs slows down, resulting in a larger decrease of the OM. The PM 2.5 OM is reduced by 0.4 g ⅐ m Ϫ3 (6%) and 0.6 g ⅐ m Ϫ3 (11%) in the New York and Chicago areas, respectively.
The reduction of the anthropogenic VOC emissions is effective in reducing PM 2.5 during winter in most of the model domain because it is accompanied by a reduction of the oxidant levels (Figure 6f ). The average decrease of the total OM is 13% ( Table 1 ). The highest decrease is predicted in the Northeast and South, where the SOA concentration is relatively higher during winter and the oxidant levels are reduced the most. In Boston (Northeast), where OM has the highest value, the OM is reduced by 0.65 g ⅐ m Ϫ3 (6%), whereas in North Carolina a reduction of 0.62 g ⅐ m Ϫ3 (14%) is predicted. In the Midwest, the highest reduction (0.45 g ⅐ m Ϫ3 or 11%) takes place in Ohio. In Chicago (Midwest) and Atlanta (South), where OM is also high, OM is reduced by 0.33 g ⅐ m Ϫ3 (5%) and 0.52 g ⅐ m Ϫ3 (8%), respectively. PM 2.5 Response. The reduction of anthropogenic VOC emissions does not appear to be an effective control strategy for PM during the summer as the PM 2.5 concentration increases. The average PM 2.5 concentration increase during summer is 4% (Table 1 ). In the Midwest, Northeast, and South the highest increases are 1.7 g ⅐ m Ϫ3 (eastern Indiana), 0.6 g ⅐ m Ϫ3 (Delaware), and 1 g ⅐ m Ϫ3 (Georgia). In Chicago, Pittsburgh, and Atlanta the total PM 2.5 mass increases with the reduction of VOC emissions (2% on average, Table 2 ), whereas in New York there is a slight decrease (0.15 g ⅐ m Ϫ3 or 1%). The anthropogenic VOC emissions reduction is relatively effective in the winter because PM 2.5 decreases by 7% on average ( Table 1 ). The highest reduction is predicted in Boston (2.1 g ⅐ m Ϫ3 or 5%) where PM 2.5 has the highest concentration during winter. In Chicago, New York, and Atlanta the reduction in PM 2.5 concentration is around 5% ( Table 2) .
Coupled Reduction of NO x and SO 2 Emissions
The reduction of NO x emissions during winter results in an increase of PM 2.5 concentration in areas such as the northeastern United States where sulfate is high. This rather counterintuitive response is mainly due to the increase of sulfate and can be avoided with a coupled reduction of SO 2 and NO x emissions. Such a coupled reduction is expected to have beneficial effects in summer as well, because SO 2 emission controls lead to a significant reduction of sulfate, which is the predominant aerosol component in the eastern United States during summer. 19 The coupled reduction of both SO 2 and NO x emissions (Table 3) is predicted to be a little better on average in reducing PM 2.5 than the individual changes of NO x emissions (Table 1 ) and the individual changes of SO 2 emissions that have been examined by Tsimpidi et al. 19 During the summer, the average reduction of PM 2.5 is 8% after the reduction of NO x , 26% after the reduction of SO 2 , and 27% after the coupled reduction of these two species. Although the response of total PM 2.5 mass to the last two control strategies appears similar, the coupled strategy reduces nitrate by 56% instead of 4% after the reduction of SO 2 .
During winter, the average reduction of PM 2.5 is 6% after the reduction of SO 2 , whereas PM 2.5 increases marginally after the reduction of NO x . A coupled reduction of these two species leads to a 7% decrease of the average PM 2.5 concentration. The coupled control strategy reduces the three major inorganic species (sulfate is reduced by 11%, nitrate by 25%, and ammonium by 11%), whereas OM increases by 6%. On the other hand, the 50% reduction of SO 2 leads to an 8% reduction of ammonium and to a minor increase in nitrate.
CONCLUSIONS
A three-dimensional CTM, PMCAMx, is used to evaluate the response of PM 2.5 mass concentrations to changes in emissions of precursor gases (NO x and VOCs) in the eastern United States.
The 50% reduction of NO x emissions during July is predicted to reduce oxidant levels in most of the model domain. Sulfate concentration levels are reduced by 10% on average during the summer. The simultaneous decrease of both OH and NO 2 concentrations slows down the formation of HNO 3 during the daytime, resulting in a significant reduction of nitrate (50% on average). As the nitrate and sulfate levels are reduced, ammonium levels are also reduced by an average of 9%. The reduction in oxidant levels also leads to lower SOA levels as the oxidation rate of VOCs slows down. Consequently, the overall OM decreases slightly. The PM 2.5 concentration is reduced by 8% on average. In major urban areas such as Chicago, New York, and Pittsburgh, in contrast to rural areas, PM 2.5 concentration is reduced by an average of only 4% as the oxidant levels increase after the NO x emissions reduction. This is one of the few cases in which the PM 2.5 response to emission changes in major urban areas is different than that in rural areas.
During winter, the 50% decrease of NO x emissions results in an increase of oxidant levels, mainly in the midwestern and northeastern United States. Because of this increment sulfate increases, more in the Northeast (17% on average) and less in the Midwest and South (ϳ9% on average). Nitrate concentration is reduced by only 21% on average in the Midwest and Northeast, whereas in the South it is reduced by 42%. Ammonium levels increase in the eastern United States because of the significant increase of sulfate. On the contrary, in the western model domain, where sulfate levels are low and nitrate decreases after the reduction of NO x emissions, a reduction of ammonium concentration is predicted. In the Midwest and Northeast, OM increases by approximately 9%. In the South, the increase in OM is very small. The 50% NO x emission reduction is ineffective for controlling winter PM 2.5 mass levels because the negative response of sulfate and OM offset the significant reduction of particulate nitrate.
The 50% reduction of anthropogenic VOC emissions during July results in an increase of the OH radical levels in most of the model domain, accelerating gas-phase formation of sulfate. Consequently, sulfate concentration levels increase by 8% on average. Nitrate also increases by 26% as the formation of HNO 3 during daytime is also accelerated. The simultaneous increase of sulfate and nitrate levels results in an average 5% increase of ammonium. The 50% reduction of anthropogenic VOC emissions results in a moderate decrease of OM concentration. Overall, PM 2.5 mass increases by 4% on average, indicating the inefficiency of this control strategy during July.
The 50% reduction of anthropogenic VOC emissions during January leads to a decrease in oxidant levels. As a consequence, sulfate decreases by an average of 4%. Nitrate also decreases, more in the Midwest and Northeast (ϳ18%) and less in South (4% on average). Ammonium concentration is reduced by 7% on average. As the VOCs Table 3 . FC decrease for sulfate, nitrate, ammonium, and total PM 2.5 mass after the coupled 50% reduction of SO 2 and NO x during July and January. and the oxidant levels decrease simultaneously, the OM is reduced by 13%. The reduction in all four PM components after the 50% reduction of VOC emissions results in a 7% reduction of the overall PM 2.5 mass.
Control
The NO x reduction is more effective than the VOC reduction during the summer because it reduces the oxidant levels in contrast to the latter ( Table 1 ). The coupled reduction of NO x and SO 2 is even more effective because it also has a significant impact on sulfate. On the other hand, during winter, the control of VOC emissions is more effective than the individual control of NO x emissions or the coupled reduction of SO 2 and NO x emissions because the oxidant levels are reduced after the reduction of VOCs (Table 1) .
Our discussion of the effectiveness of these control strategies has been based on the fractional reductions and not their implementation cost. However, the sensitivity of the system to these emissions changes can provide valuable guidance about promising emission control strategies.
